For instance, during injection moulding, cooling rates of lOOKs- ' and pressurizing rates of 30 MPas-t are not exceptional. Furthermore, if the final product is used in the glassy state, the formation history also influences the ultimate properties of the products. For instance, the dimension stability of precision-formed components are particularly sensitive to the formation history, i.e. the precise course by which this glassy state was accomplished.
In the present paper, the influence of pressure and temperature on equilibrium, as well as the time-dependent thermodynamic thermal .properties, is addressed. In the first part, experimental details are considered.
The The apparatus used is of the bellows lypc. using mercury ils a confining Iiquid.
PROPERTIES
A typical example of the equation of stzite of an amorphous polymer is shwon in Fig. 1 . At sufficiently high temperatures, the polymers are in the liquid state and the values of the expansion coefficient cy = (l/ti)(W/aT),, and compressibility factor F.,. = (-l/u)(&~/fip).,. . The polymer glass vtlill be characterized by a volume ul,. The polymer glass at Ti and P, can also be prepared along a different route: first pressurize the melt at r, from P, to P', cool isobarically (at the snmc fixed rate) to T,, and finally reduce the pressure to P,. In this case the volume of the polymer glass will be uzc, i.e. different from uI,. From this cwn~ple. it is clear that the formation history, i.e. the exact, path followed to prepare a par;icular g.!assy sample, must be specified and, thus, that the glassy state is not an eyuilibrium state. In Fig. 2 [2] . Furthermore, as depicted in Fig. 3(b) , the cooling rate also has an-influence 611 the value of the glass transition temperature [4] . This last observation in particular indicates the relevance of kinetic and non-equilibrium conditions for the glass transition.
The onset of the glassy state is, in general, indicated by the sudden change in many properties over a rather narrow region called the glass transition region. The transition can be assigned as the glass transition temperature+ One of the most fundamental ways to determine this is by obssrving the speci'c vohnte.
The 7" can be defined, based on dilatometry experiments, as the temperature of the intercept of the tangents at the glass and melt part of the u-T curve during isobaric cooling or heating. But other properties are also indicative of the glass transition. The enUralpy follows the same general trends as the volume in the case of glass formation.
Differential scanning calorimetry-(DSC) is usually us&d 'to measure the derivative of the enthalpy with respect to time, Le. a; heat flow, which at constant heating rate is proportionai to the specific heat c,,. One can consider then an appropriate formatior! history so that physical ageing can be reduced or circumvented comr3letely. A tentative scheme for PVAc is the following: the polymer is jumped from the initial temfieraturc 7; = 3i3 K to a temperature r, (indicated in Fig. 6 ). The polymer is kept at this temperature until the density is equal to the equilibrium density at another temperature Tr. At this moment the temperature iS jumped to this temperature T and the volume is monitored with time. Naively, one might hope that nti p!lydcai iigcing will occur because the glass at r, has attained its cyuiiibrium density. The time response of the glass prepared in this manner is shown in Fig. ' ;1 [9] . It can be observed that the density ddes not remain constant with time but at first decreases, reaches a minimum, and then returns to the equilibrium density. The polymer appears to possess a memory for its formation history. A similar effect can be observed with pressure if, for example, the following formation path is followed. The polymer is cooled at high pressure to a temperature T,. The pressure and temperature are chosen so that the deilsity of the fresh sample is equal to the (equilibrium) density of the sample prepared at atmospheric pressure at r,. The pressure is then . The sample is jumped from an initial temperature T= 40°C to the indicated temperatures T,. When the density of the sample is cquai to the cquilihrium density at temperature T = 3cI'C. the sample is jumped to this temperature.
The volume relaxation behaviour after this last jump is followed with time. 
A cdmfiarison 'between theory and experiment&l equation-of-state data serves to estimate the scaling parameters (p*, T*, V*) or alternatively the molecular paraxne ters (E*, u *, cS). The theory quantiatively describes the pvT data for solvents and polymers, including engineering plastics and their mixtures, at densities typical of the liquid state at low and high pressures [ 17, 22, 23] .
In the further application of the theory to the glassy state, one needs to consider the fluctuations in free volume 6tr,, which can be computed from [24-281
NON-EQUILIBRIUM THEORY: GLASSY STATE AND GLASS TRANSlTION
In contrast to polymer liquids, the same limited set of macroscopic variables does not suffice to lix the thermodynamic state of polymer glasses. Instead, the formation history of the glass influences the equation of state and other properties. It may be clear that the unambiguously defined melt state can serve as a good starting point for th.: simulation of glasses. A stochastic theory has been developed to describe the influence of fbrmation history on the equation of state of polymer glasses and on the glass transition temperature. The theory is based on rhe RSC theory [24] . The assumption of a spatill distribution of free volume and, hence, mobility in the polymer system 'is made. Because the equilibrium is chosen as a reference state, this zillows one to define both the free volume (distribution) and the mobility ir: a well-defined way. The free volume is identified with the order parameter h in the Holey-Huggins theory. The response of the system to a change in pressure and/or temperature is formed by a change in the actual free volume distribution to the new equilibrium.
It is assumed that the relaxation behaviour governing the glass transition region can IX described by the approach to equilibrium of the conformational degree of freedom of the polymer backbone. Vibrational and side-group rotational degrees of freedom are assumed to be sufficiently fast and thus to respond almost instantaneously to variations in thermodynamic variables.
Consider now a change iri temperature and/or pressure in the system from an initial to a final state. The thermodynamic properties change accordingly.
It is our aim to monitor the kinetics of. the changes. On a microscopic level, this change in macroscopic properties is caused by. rearrangements in the polymer chains. A discussion of the interrelation between microscopic and macroscopic changes has been given in the context of the relaxation behaviour in polymer.glasses [29]_ The importance of the segmental rearrangements in the isolated chain and the influence of the surrounding segmerits in the dense disordered state have been explained. Furthermore, the rate of change in the small .volume element, containing the rearranging segments, is not only determined by the local segmental mobility but also by the possibility of the environment to assimiIate the necessary changes.
However, our main interest is the kinetics of macroscopic properties and it is hoped that less detailed information concerzling the microscopic state of the system should suffice to discuss these relaxation phenomena. It was suggested by Robertson [29] that the Iocal free volume is an appropriate parameter with which to describe the Iocal segmental mobility and, thus, the rate of rearrangements.
The system is thought to be subdivided into smaI1 volun~e elements, each with its (local) free volume. The sample is thus characterized by a (time-dependent) free volume distribution. For mathematical convenience, it is assumed that this distribution is a set ofn discrete levels (w,(t), i, = 1, n}. Changes in the occupation of the IeveIs occur by transitions between the different levels and can be regarded as a stochastic process known as a Markov chain. The calculation of the evol,ution of the occupation of the free volume levels can be expressed in matrix form with the use of a transition probability matrix P(r). where P(0) is the initial transition probability matrix, in all applications set equal to the identity malrix f. Equation (11) is solved by an eigenvalue analysis [30] . It can be sI:own that at sufficiently long times, the Markov chain w(r) evolves to a stationary distribution {ei, i = 1,n)
.In this contribution, tht; stationary distribution is identified with the structu,re function I7 and its distribution defined in the He theory [17, 27, 281. For sufficiently small fluctuations, it can be shown that the fluctualtions have a Gaussian distribution fully determined by (h),, and ((6h.J').
In order to use the stochastic theory, the upward and downward transition rates hial+, and hi+,,i, 1 G i G (12 -l), respedtivety, must be defined. The functional dependence of the local transition rates on the regional free volume h, is assumed to be identical with the dependence of the global mobility p on the equilibrium overall free voiume {I?),,,. The global mobility of a system with free volume k can be defined, for example by a Williams-Handel-Ferry (WLF) type of equation [31] . On a local level, then, the mobility can be defined as b Pi==
For the tocal transition rates, the following expressions are used [24-303
where R (in s-l) contains a characteristic rate and a compensation for differences in global and local mobilities, p equals the difference in free volume content between two adjacent states, and the ratio of E values ensues from the balance equation.
The numerical simulation procedure will be illustrated for a cooling experiment. A polymer melt, initially, at time I, temperature Tand pressure p, is cooled isobarically at a rate T' (in K s-l). At a certain temperature, the glass transition temperature will be reached-and upon further cooling a polymer glass is formed. The stochastic simulation'of the evolution of the free vrdume distribution with initial average (!a},, and width ((Sh,.,,)') in this real time experiment proceeds along the following scheme [28]
1.
3.
4. s.
6.
Calculate the equilibrium properties (u, {h),,, ((8/z,,,)'}) at T and' p corresponding to a time t + A&. Calculate the equilibrium distribtition (&, i = 1 ,n) at f + Ar. Compute the transition rates using.the equilibrium distribution and the actual distribution (wi(T), i T 1,n) at time l (eqns. (13) and (14) ). Determine the transition probabilities P(f) (eqns. (10) and (I 1)). Update the actual distribution {wi(t + At), i = l,n} at time f + At, using PO)-Increment the time with At, and repeat steps 1-6.
A similar experiment 'can be done by, for example, specifyjug a pressurizing rate p' or by a simultaueous change in T and p. Furthermore, 7" and p' can be changed at wiII during the simulation.
For example, at a given T and p in the glassy state, one can set T' = 0 and p' = 0 and from hat time on monitor the physical ageing. 
APPLICATIONS
An illustration of the quality of the fit obtained with the equilibrium hole theory is given in Fig. 7 for the equation-of-state data for PS investigated Fig. 9 ) yields the value for the constant R given in Table  2 . The set of parameters, summarized in ' Table 2 , is now fixed and we are ready to expbre other dynamic simulations.
In .Fig. 9 (dT,/dp)
of PVAc gIasses [28].
The simulated pvT behaviour of a polymer glass formed by cooling at 0.1 MPa and by subsequently pressurizing is shown in Fig. 12 and mechanical properties not only during the process of glass formation but also during physical againg might contribute to a further understanding of the relationships between these properties. Also, a theoretical analysis of glass formation in terms of the Ehrenfest relations is now possible. Evaluation of the Prigogine-Defay ratio has been published elsewhere [38] . The presented stochastic formalism enables the calculation of the influence of formation history on several properties of the glass. In particular, the influence on volumetric properties has b&en discussed SO far, These calculations have been combined with simulations of injection moulding processes [44, 45] . In these, simulations the glass formation plays an important role, while simultaneously molecular orientation and stresses in the final product have to be accounted for. The influence of the inje+on nioulding history bn the puT behaviour of the glass can be.evaluated with the presented theory. This can be done separately at several locations in the rnould, where different pressure-temperature-time paths have been followed. These calculations Can be performed for amorphous polymers in general, with the use of parameters determined in the polymer melt (Takles 1 and 2). Further implication s of, for example, physical ageing for the detailed density profile are still under investigation.
CONCLUSIONS
The combination of pressure and temperature results in a much more extensive dependence of many physical properties than the varation of, for example, temperature alone. In the case of single constituents, th.e influence of pressure has been examined. 
